Organoids are in vitro 3D self-organizing tissues that mimic embryogenesis. Organoid research is advancing at a tremendous pace, since it offers great opportunities for disease modeling, drug development and screening, personalized medicine, as well as understanding organogenesis. Mechanobiology of organoids is an unexplored area, which can shed light to several unexplained aspects of self-organization behavior in organogenesis. It is becoming evident that collective cell behavior is distinctly different from individual cells' conduct against certain stimulants. Inherently consisting of higher number of degrees of freedom for cell motility and more complex cell-to-cell and cell-to-extracellular matrix behavior, understanding mechanotransduction in organoids is even more challenging compared with cell communities in 2D culture conditions. Yet, deciphering mechanobiology of organoids can help us understand effects of mechanical cues in health and disease, and translate findings of basic research toward clinical diagnosis and therapy.
Introduction
Since ancient times, scientists were observing and studying moving objects, absolute or relative motions of almost everything around them, including the human body. Especially the latest, including human locomotion, growing from embryo to the dying age, assisted by anatomical observations, resulted into a scientific discipline, drawing from various disciplines (as disciplines were separated at later times) named biomechanics. Until the discovery of the cell, as the unit of living bodies, biomechanics had as its studying object the whole body, tissues, and some organs.
With the great strides that biology took in studying the cellular function, the cellular movements (cell division, migration, differentiation) at many levels of organization, including the molecular one, it became evident that the physical environment, notably the mechanical one, had to be considered in detail, as a basic contributing factor to understanding cellular function. In the last 2-3 decades, slowly but steadily, the concept of mechanobiology emerged as a discipline that explores the role of mechanical forces in cellular development, physiology, and disease (Sunyer and Trepat 2017) .
Animal models, tissue explants, two-dimensional (2D) cell culture systems, and three-dimensional (3D) tissueengineered culture systems have been studied in order to mimic the functions of human organs to make diverse number of tests on these models, involving basic tissue morphogenesis, disease modeling and progress, pharmaceutical screening, and even personalized medicine (Jackson and Lu 2016) . Although animal models have been successful in mimicking physiology in vivo, anatomical and physiological differences of animals and humans, unknown variables, limited imaging capabilities, and limited animal use due to ethical rules restrict the use of these models (Yin et al. 2016) . Even though tissue explants from human beings show the cellular organization and functions of human organs in the best way, these structures cannot be cultured for a long time and they lose the tissue phenotype quickly in vitro (Gähwiler et al. 1997) . Researchers have tried to eliminate all these negativities with 2D cell culture systems using human cells for many years. In conventional cell culture studies, cells grow on a homogeneous, stiff surface instead of a heterogeneous and soft extracellular matrix (ECM) as it is in vivo. In 2D cell culture systems, due to the fact that cell-cell and cell-matrix interactions are different from in vivo because of the lack of ECM, as well as spatial organization among the cells, there are greater problems in these systems, such as silencing of some signaling pathways, changing of gene and protein expressions, cellular phenotype, and functions (Kapałczyńska et al. 2018) . In order to increase the similarity to the tissues and organs of interest, to mimic in vivo cellular organization and tissue functions, researchers focus on 3D tissue engineering products, where cells can interact more realistically with each other and the ECM.
Cells can adhere to the substrate through four different mechanisms: focal complexes, focal adhesions, fibrillary adhesions, and 3D matrix adhesions (Cukierman et al. 2001) . Focal complexes are transient adhesion structures seen in the early stages of the adhesion process, and usually occur while cells migrate and spread. Focal complexes are multimolecular structures, and integrin, talin, paxillin, vinculin, and actin proteins play a role in the formation of these structures (Geiger and Yamada 2011; Zaidel-Bar et al. 2003) . Focal complexes are transformed into focal adhesions by the incorporation of zyxin into these proteins and tyrosine phosphorylation (Beningo et al. 2001; Li et al. 2016) . Focal adhesions are more stable and well-regulated structures than focal complexes. Focal adhesions transform into fibrillary adhesions and become more stable. Cell adhesion, migration, and spreading in 2D substrates are limited by the x-y plane. Cell polarity occurs automatically to the extent allowed by the continuous, stiff, and flat surface. In 3D matrix adhesion, in contrast to 2D, cells are spatially associated with the 3D matrix in all directions. Cell behavior, structure, and properties in 3D are very different from 2D culture systems, and this type of adhesion is the closest way of simulating cell adhesion in vivo (Li et al. 2016) . 3D environments provide more degrees of freedom; thus, the cells can increase their communication with the surrounding cells, as well as the ECM (Duval et al. 2017) . In models where cells are embedded in the ECM in 3D systems, the basal-apical polarization occurs simultaneously, and thus cells can show their true phenotypes. In addition, the growth factors produced by the cells in 2D cultures are removed while changing the medium; however, in 3D systems, the growth factors bind to ECM proteins and contribute to the formation of the gradient within the ECM (Muncie and Weaver 2018) . Gradients of soluble biomolecules, nutrients, and oxygen in ECM affect stem cell differentiation and morphogenesis (Baker and Chen 2012) .
Organoids are 3D small tissues that are derived from stem cells, and that can self-organize and form organ-like structures in appropriate conditions of the microenvironment (Lancaster and Knoblich 2014) . This collective self-organization leads into structures that closely resemble the embryonic architecture. "Self-organization" is an important and common tool of nature at many different levels, from molecular to population dynamics. From a physical point of view, it is defined as a system that starts with its parts separate (so that the behavior of each is independent of others' states) and whose parts then form connections (Ashby 1962) . Organoid formation, therefore, may be defined as a self-connecting, organized growth of a starting group of cells, in order to form and differentiate toward an ordered tissue structure based on local interactions.
In order to be named as an "organoid", the structure must be formed of different cell types; these cells must be organized in accordance with the original organ and must be able to show at least some functions of the organ (Sugawara et al. 2018) . For these reasons, organoids are usually obtained from stem cells that have unlimited differentiation and proliferation capacity. Although the term "organoid" is sometimes confused with cell "spheroids" or "aggregates", there are significant differences between them. Spheroids are usually 3D micro-or macro-cell aggregates obtained using one or more cell lines. The cells in these structures are not organized as they are in the original organ and usually do not show organ functions. Although they are more similar to in vivo tissues than 2D cell culture systems, they are not as successful as organoids in this respect. However, organoids are the structures most closely resembling the original tissue both physically and functionally. They are generally formed from pluripotent stem cells (PSCs), adult stem cells, progenitor cells, or induced pluripotent stem cells (iPSCs) (Lancaster and Knoblich 2014; Yin et al. 2016) . Stem cells used during organoid formation self-organize and differentiate into desired cell types by harmonic effects of biochemical molecules, appropriate biophysical conditions, external forces, and appropriate extracellular matrix structure and thus cell-matrix and cell-cell communication of the relevant organ (Watt and Huck 2013) .
Since organoids are the most similar in vitro systems to the original organ, they have great potential to be used as organ models in drug development and personalized medicine studies. In addition, since they mimic embryonic development during their formation, they provide important information about human embryogenesis and organogenesis (Ho et al. 2018 ). To date, information about the human embryonic process has been mostly obtained from animal models, but since anatomical and physiological differences exist between species, observing this process with human cells now provides us with more accurate information. By autologous stem cells obtained from the person, organoids can be obtained as a complete match of the person's own genetic makeup. Drug discovery and developmental studies with patient-specific organoids, which can be formed with iPSCs without needing a biopsy, are considered to be more effective and to give results much faster (Drost and Clevers 2017) . While developing organoid disease models, information about the development of the disease can also be obtained. To date, many organoid studies have been carried out, but mostly intestinal (Ho et al. 2018; Nakamura and Sato 2018; Rahmani et al. 2018 ), brain (Allende et al. 2018; Lancaster et al. 2013; Mariani et al. 2015; Qian et al. 2016 Qian et al. , 2019 Seo et al. 2017) , liver (Fiorotto et al. 2018; Gaitantzi and Breitkopf-Heinlein 2018; Vyas et al. 2018) , kidney (Kim et al. 2018) , articular cartilage (Irie et al. 2008; Mizuno et al. 2016) , lung, and stomach (Dutta et al. 2017; Xu et al. 2018 ) organoids have been studied. Because of the fact that it is difficult to control in vitro stem cell differentiation, spatial organization and the interactions of cells with each other and the matrix, most of the obtained organoids have been formed to contain only one or few components of a tissue (Yin et al. 2016 ). Modeling of individual genetic diseases can be carried out with organoids combined with genetic engineering, genomic editing, transcriptomics, and epigenetic studies of individual PSCs or iPSCs (Ardhanareeswaran et al. 2017 ). Since individual tumor organoids can be obtained with cells isolated from the patient, even rare-type cancers can be modeled in this way and used in drug development studies (Ho et al. 2018 ).
Engineering the organoid microenvironment
It is inherently difficult to replicate the organoid studies due to self-organizing character. Each organoid produced cannot attain the same shape and size, as well as the spatial organization of the cells and cell compositions (Karzbrun and Reiner 2019) . The engineered microenvironment of the cells during the formation of organoids is the main factor that determines the organoid fate. Culture media is only one of the input signals that determine the outcome from the initial cellular population. The most important components of the microenvironment are growth factors, morphogens, cell-cell interactions, and ECM due to surrounding cell diversity and localization (Eshghi and Schaffer 2008) . Although the composition and structure of ECM vary with each tissue, it is a complex matrix structure that generally contains glycoproteins, proteoglycans, and fibrous proteins, such as collagen, laminin, fibronectin, and elastin produced by the endoplasmic reticulum and Golgi apparatus of the cells (Alberts et al. 2002) . All these ECM components not only provide structural support to the cells by forming the physical microenvironment of the tissues, but also directly interact with the receptors of the integrins, transmembrane proteins located within the cell membrane, and directly affect cell migration, spreading, differentiation, and proliferation (Gattazzo et al. 2014) . Thus, when integrins cannot find adhesion contact in the absence of ECM, the cells respond to this situation with a kind of apoptosis, specifically named anoikis (Frisch and Francis 1994) . Therefore, ECM has vital importance on the cells. However, it is not sufficient for 3D cell culture and tissue engineering studies to have a surface for cells to adhere to, where ECM is only partially mimicked. ECM protein isoforms may even cause undesirable effects on the cells. Due to activated different signaling pathways by an undesired ECM ligand or silenced signaling pathways by a lacking ligand in the microenvironment, the cells may lose their phenotypes or tend to go through malignant transformation or apoptosis (Gattazzo et al. 2014) . Biochemical signals should be given to the system at the appropriate concentration, place, and time to produce more realistic organoid formation to in vivo (Yin et al. 2016) .
In vitro organogenesis has been modeled as a non-linear deterministic system (Dahl-Jensen et al. 2016) . Most biological systems are non-linear, since it is impossible to isolate certain input parameters from the rest of the organism and its surroundings, history, genetic make-up, and epigenetic modifications (Turner et al. 2016) . Similarly, different culture conditions can lead to preserved stem cell behavior, as well as differentiation toward different lineages (Greggio et al. 2013; Fordham et al., 2013) . A third type of outcome is usually a combination of the two cases, where a group of progenitors are conserved, while other groups can be differentiated even toward more than one phenotype-a condition that can be defined as multiple-equilibria (Dahl-Jensen et al. 2016 ). Small and usually uncontrollable changes in initial conditions act as bifurcation points that increase the number of possible equilibria (Todhunter et al. 2015; Ungrin et al. 2012 ). This can be treated as the main reason for low reproducibility in current organoid research.
Mechanosensing of the ECM and external forces
In addition to the biochemical composition of the microenvironment, biomechanical properties of the ECM, such as stiffness, viscoelasticity, pore size, porosity, permeability, thickness, size, shape, and topography characteristics are known to be of great importance on cell behavior (Akhmanova et al. 2015) . A comprehensive view of mechanobiology may be considered as the one that focuses on the effects of structural micro-environment and force-induced deformations on molecules, cells, and tissues.
Cells sense surface stiffness and elasticity with focal adhesion complexes, including adhesion molecules, such as integrin and cadherin, and these proteins bind ECM to the actomyosin cytoskeleton of the cell. Cytoskeleton contractions transmit this information to the nucleus by mechanosensing and determine how the cell reacts through the nucleus matrix, nucleus envelope, and chromatins (Gattazzo et al. 2014) . The elastic modulus of the plastic culture vessels at the GPa level used in 2D cell culture causes changing cell differentiation, migration, spatial organization, and self-renewal properties of mammalian cells, since these cells show appropriate cellular behavior in the elastic modulus of the ECM at the kilopascal level. For example, in a study using human mesenchymal stem cells (MSC), it was shown that MSCs express tissue-specific transcription factors on mimicking ECM stiffness of specific tissues (Engler et al. 2006) . In another study using neural stem cells (NSC), it was shown that NSCs showed neuronal differentiation on surfaces < 1 kPa, astrocytic differentiation on surfaces between 1 kPa and 3.5 kPa, and oligodendrocytic differentiation on surfaces > 7 kPa (Leipzig and Shoichet 2009 ). In addition, increased ECM stiffness can cause diseases such as cancer and fibrosis, because cancer tissues are stiffer than normal tissues (Jansen et al. 2015) . For this reason, it is very important to select a material suitable for the ECM stiffness of the desired organ when forming the organoid. Researchers often use hydrogels, which have high water-holding capacity, for this purpose. The most commonly used hydrogel in organoid studies is Matrigel for supporting cells physically and for biochemical signaling cues (Yin et al. 2016 ). Matrigel can be used for most types of cells as it promotes growth and provides a physiologically adequate medium for soluble biomolecules relative to synthetic scaffolds. However, since the content of Matrigel is not completely known, it may contain biomolecules inappropriate for the used cell type or may not contain specific ECM components. Apart from this, it can show lot-to-lot variability (Fang and Eglen 2017) , leading to experimental unrepeatability. It is important to move away from Matrigel and other culture components with spatial and temporal variability (like serum), and establish more standardized media formulations and defined synthetic or natural hydrogels with controllable chemical composition and physical properties, such as porosity, viscoelasticity, and stiffness. The scaffolds can be designed by selecting the polymer according to the properties of the desired tissue and thus, providing cells to show the most similar behavior to the original tissue.
During organogenesis, cells are also exposed to many different external mechanical stimuli. Shear stress, cardiac contraction, fetal breathing movement, and traction force can be given as examples (Park et al. 2019) . External forces have an important effect on stem cells. In the absence of these forces, desired stem cell differentiation, spatial organization, and organ functions cannot be observed and mature organoid development cannot be achieved. The forces can be applied directly to the cell or indirectly through the ECM, and thus the cell can mechanosense the forces and react while forming an organoid. The amplitude of the force applied during organoid development is an important parameter; however, the duration of application, being a static or dynamic force, and frequency are also other important parameters. The reactions of the cells as a result of the effects of external forces are called mechanotransduction. For example, continuous blood flow from the circulatory system and airflow through the respiratory system create shear stress on endothelial and epithelial cells, respectively, or compression and tension are imposed on the cells during muscle contraction. Each external force applied to the cell creates tension on the cytoskeleton and has an effect on the geometry, organization, and behavior of the cell (Park et al. 2019) .
Mechanotransduction is initiated at the local cell membrane-force interface by inducing local conformational changes of proteins, similar to soluble ligand-induced signal transduction (Na et al. 2008) . It is generally postulated that the initial event of mechanotransduction results in a biochemical cascade of events that reaches the nucleus; such that, the external forces are detected by focal adhesion proteins and mechanosensed by the nucleus through mechanotransduction signaling pathways, such as Ras/MAPK, P13K/Akt, RhoA/ROCK, Wnt/β-Catenin, and TGF-β (Chan et al. 2017; Gattazzo et al. 2014) .
However, most important is the notion that there is a direct mechanical signal movement from the focal adhesion deformation through the cytoskeleton all the way to the chromatin inside the nucleus (Tajik et al. 2016; Swift et al. 2013; Kirby and Lammerding 2018; Mammoto et al. 2013; Stachowiak et al. 2014; Miroshnikova et al. 2017) . It is more plausible that these two pathways, i.e., biochemical and mechanical (excluding here possible electrical pathways), interact and modify each other on their way to the nucleus (Na et al. 2008; Stachowiak et al. 2014) .
Different ion channels, including NMDA receptors, TREK-1, and TRPC1, are shown to be mechanosensitive, and be activated by the tension developed in the cell membrane on a millisecond time scale. Particularly MEC-4/MEC-10, DEG/ENaC, TRP, and Piezo channels are shown to act as cytoskeleton-extracellular matrix linkages (Martinac 2014) . Piezo1 and Piezo2 proteins are also shown to act as poreforming subunits of mechanically activated ion channels (Coste et al. 2012; Qiu and Müller, 2018) . It has been well established that stretch-activated ion channels alter cardiac electrical activity and the influx of Ca 2+ and Na + ions, and regulate cardiac contractility via protein phosphorylation (Baumgarten 2013; Kohl 2018) .
Simplified schematics of the connectivity of the various proteinous structural elements, both inside the cytosol and the nucleus, comprising actin filaments, microtubules, intermediate filaments, the LINC complex, lamins, and nuclear actins, to name a few, are found in many reviews (Tajik et al. 2016; Swift et al. 2013; Kirby and Lammerding 2018; Mammoto et al. 2013; Miroshnikova et al. 2017) . A compilation of the existing knowledge suggests that the mechanical signal transduction is very rapid, as reported by the activation of various cytosolic reporters in living cells (Na et al. 2008; Pertz et al. 2006) . A postulation has been put forward recently, named mechanoepigenetics, suggesting that all mechanotransduction pathways, originating at cell-matrix interfaces, cell-cell interfaces, and flowing media-cell interfaces are integrated in their way to the nucleus and chromatin, where they mechanically rearrange the chromatin for epigenetic manifestations (Missirlis 2016) .
Another key question that is in need of urgent answers is how the cellular mechanics and signaling transduction are influencing tissue mechanics and intercellular mechanical communication during embryogenesis and development in general. Most probably there is a two-way communication. In recent years, organoids, as mentioned earlier, are extensively studied, in 3D experimental conditions, and, by their nature, get a lot of information and maybe feedback from basic knowledge of developmental biology, of growth and patterning. It seems that the molecules, termed morphogens, can be transported in several different ways across cells, while both agreements and controversies still exist on how morphogen gradients are formed and interpreted, which signaling pathways feedback on morphogenesis, how patterns emerge, and how growth is controlled, just to name a few (Chan et al. 2017; Stathopoulos and Iber 2013) . Outside forces are sensed by cells through mechanotransduction; however, specific forces are also generated within the cells themselves, as they are necessary for many physiological processes, such as cell division, migration, and cell attachment. Such forces, produced within or outside the nucleus, may be subtler than the externally transduced ones. Very little is known on the significance of this chorus of forces interrogated by the nucleus, which may be considered as a mechanosensor of its own (Kirby and Lammerding 2018) . However, some insights are already proposed, either by coupling mechanical events (Suzuki et al. 2016) or by gaining new knowledge on the function of specific mechanical structures, like the microtubules (Zijl and Lomakin (2019) ; Portrian et al. 2017) .
With regard to the sensing of mechanical cues by cells in organoids, the situation is quite complex and only recently a combination of scant experimental results, complemented by theoretical models, starts to give hints of possible operating mechanisms. As mentioned before in single cells (Chan et al. 2017) , several distinct proteins sense and respond to different mechanical cues, for example, zyxin and paxillin in focal adhesions alter binding kinetics, E-cadherin bounds β-catenin is active in cell-cell communication, stretched Piezo 1 and 2 channels regulate calcium ion movement, and the Yap (Yesassociated protein)/Taz (transcriptional coactivator with PDZbinding motif, WWTR1) system interacts with specific transcription factors to regulate genetic/epigenetic modifications (Martino et al. 2018; Dupont et al. 2011) , and all these cues are orchestrated in ways that are still being investigated. It is possible that transmission of forces across multiple scales is essential for positional information and responsible for the reaction-diffusion model (Chan et al. 2017) . Also, during morphogenesis, mechanical constraints may arise due to tissue bending or buckling, which generate long-range tissue stress. One probable corollary of this state is that there is an inter-play between mechanical signals and cellular polarity (Chan et al. 2017) . During physiological morphogenesis, as well as organoid formation, the growing number of cells is communicating among themselves in order to achieve the spectacular spatiotemporal arrangement that constitutes the developing tissues and organs. Cells often migrate collectively, in a coordinated polarity, while maintaining their cell-tocell contacts (Sunyer and Trepat 2017) . Traction force microscopy has revealed that apart from the role of actin-based mechanical forces, microtubules also play an important role in maintaining the polarized shape of the cells and in coordinating cell behavior during tissue remodeling (Singh et al. 2018) . In a recent publication, it is demonstrated that during epithelial morphogenesis, the apico-basal forces in cells (including here the apoptotic cells, which contribute to the process mechanically) rely on the contractile actomyosin structure that connects the apical surface to the nucleus, while the nucleus is anchored to basal adhesions, participating itself in the force production necessary for the morphogenetic actions (Ambrosini et al. 2019) .
Another investigation on effect of polarity and cell division dynamics on cystogenesis has shown that cell-to-cell contact topology can discriminate mechanical equilibrium and nonequilibrium states (Cerruti et al. 2013) . Their in vitro and in vivo observations, backed up with mathematical modeling, show that cystogenesis occur under energetically unfavorable conditions, and in a mechanical non-equilibrium state, where cell rearrangements extend further from neighboring exchange interactions toward long-range motility. High cell division rate was also associated with multiple lumen formation and fast cyst growth. It is important to note that growth of healthy tissues, such as optic cup, cornea, and retina have been associated with highly ordered close-to-equilibrium states (Eiraku et al. 2012; Bhat 2001; Jalbert et al. 2003; Hofer et al. 2005) , where short-range cell-to-cell interactions are predominant (Amonlirdviman et al. 2005; Classen et al. 2005) .
As it is demonstrated in an interesting publication (Ellison et al. 2016) , the cell-cell communication enhances the overall cell assembly (organoid for example) to sense shallow gradients during morphogenesis. As reliable gradient sensing is of paramount importance during, for example, epithelial branching morphogenesis, it was experimentally demonstrated that extremely weak gradients of a growth factor is sensed and utilized by cell ensembles but not by individual cells (Ellison et al. 2016 ). This "collective sensing" is most likely mediated by cell-cell communications through gap junctions and local feedback systems. An educated guess is that also extremely weak forces, not sensed by individual cells, may be robustly sensed and transduced by cell ensembles. This is an issue for exploration.
In silico organoid models
Control of biochemical, mechanical, and chemical stimuli is known to have many effects on stem cells during organoid formation is essential. Yet, the orchestrated effects of these mechanisms are not fully understood and are very difficult to control; and undesirable changes in stem cells during organoid formation may occur under unpredictable effects. Realistic in silico organoid models can be a powerful tool to develop a better understanding of organogenesis and to develop therapeutic strategies faster, and in a controlled, efficient, and cost-effective manner (Karolak et al. 2018) . With the help of in silico models, better controlled systems can be constructed and experimental design optimization can be provided for in vitro organoid formation (Poli et al. 2019 ). Furthermore, with the help of these models, organoid growth, cell differentiation, and functionality can be predicted while effects of certain manipulations can also be foreseen. Up to date, limited studies have been carried out with in silico models, such as modeling transport, consumption, and diffusion of oxygen in organoids (Berger et al. 2018; Buske et al. 2012) , modeling the effects of short-range growth inhibitory signals (Dahl-Jensen et al. 2016) , shape transformations of epithelial cells (Misra et al. 2016) or behavior of multi-cellular systems by cellular growth, signaling, and migration (Milde et al. 2014 ).
In addition to such studies that provide a better understanding of in vivo and in vitro organogenesis, tumor development, progression, and responses to the treatment studies have been performed with in silico tumor organoids (Karolak et al. 2018) . In silico organoid models have many deficiencies at the moment, but it is foreseen that they will develop rapidly in parallel to in vitro organoid studies.
Future perspectives
Organoids are important tools for drug development, disease modeling, and personalized medicine studies, since they simulate the self-organization of tissues during embryogenesis. But we still need to accept that there are major differences between in vivo embryogenesis or organogenesis and in vitro organoid formation, since in vitro conditions, no matter how well-controlled, are extremely different than real, regionally defined physiological conditions. On the other hand, organoids allow researchers to select and isolate certain biochemical and/or physical cues, and study their respective and coordinated effects on tissue or disease development and regeneration. In particular, they can also serve as great tools for studying the effects external and internal mechanical forces and their interactions with molecular signaling pathways during embryogenesis and organogenesis, which is still an unexplored field.
It is not trivial to design a culture system that is wellcontrolled to produce reproducible results, while preserving self-organizing capacity. Newly emerging microfabrication, 3D printing, and bioprinting techniques combined with appropriately designed dynamic systems, including microfluidics, may offer opportunities to improve organoid research.
